Morphogens release and activity can be negatively affected by an impaired glycosaminoglycans (GAGs) turnover and proteoglycans assembly in the extracellular matrix, leading to altered tissue morphogenesis. In this work, we show that loss of Iduronate-2-sulfatase (IDS) activity, affecting GAGs catabolism and responsible for a life-threatening valvulopathy in mucopolysaccharidosis type II (MPSII), triggers early Sonic Hedgehog (Shh) and Wnt/b-catenin signaling defects, leading to aberrant heart development and atrioventricular valve formation in a zebrafish model. In addition, we consistently found impaired Shh signaling activity and cardiac electrophysiological abnormalities in IDS knockout mice at postnatal stages before any evident massive GAGs accumulation. These results suggest that IDS activity substantially affect cardiac morphogenesis through impaired Shh signaling and document an unexplored role of the enzyme in the fine-tuning of cell signaling pathways.
Introduction
Glycosaminoglycans (GAGs) are widely distributed glycopolymers covalently attached to the core protein of proteoglycans (PGs), which are strictly involved in cell homeostasis and tissue plasticity. In the basement membrane, Collagen IV and PGs physically interact and play a fundamental role in structural maintenance and macromolecule interactions during tissue maturation (1, 2) . However, PGs and sulfated GAGs perform different modulatory activities, which are not related to their structural role. For example, inhibition of the plasma complement activation requires the complement factor H, which binds to heparan sulfate (HS) residues on host cell surfaces (3, 4) . Moreover, PGs are key components of the cellular glycocalix, which is involved in intercellular communication, and cancer cells displaying a metastatic behavior are often characterized by alterations in the sulfated GAGs pattern (5, 6) .
GAGs modulate signaling factors and cytokines by enabling the interaction of the ligand(s) with a specific receptor, or by preventing the activity of cytokines and secreted molecules via sequestration (7) (8) (9) (10) . Similarly, GAGs and related PGs play key roles during embryonic development and cell differentiation, by allowing the correct morphogens diffusion (11) . The latter role is particularly relevant in undifferentiated precursor cells, exposed to antagonizing signaling ligands and committed to different cell fates. To achieve the fine-tuning of cell signaling differentiation, GAGs need to restrict the diffusion of morphogens towards the correct target cells, in order to elicit a temporally and spatially-regulated tissue specification (12) . The wide range of PGs and GAGs functions is related to their intrinsic properties, including: i) the large amounts of GAGs building blocks; ii) a plethora of possible structural conformations and iii) the variable chemical modifications affecting GAGs chain conformation. Among the latter, sulfatation is a reversible modification, which allows a dynamic cellular response and quick extracellular matrix remodelling. Iduronate (Ido) sulfatation is a very common modification of heparan and dermatan sulfate, providing negative charges to GAGs and ultimately contributing to the specific binding of Sonic hedgehog ligands (13) .
How impaired GAGs metabolism is involved in pathogenic processes is clearly illustrated by lysosomal storage disorders (LSDs), such as Hunter syndrome (Mucopolysaccharidosis type II, MPSII, OMIM # 309900). MPSII is a rare disorder caused by the deficit of IDS, a lysosomal hydrolase involved in GAGs catabolism (14) . Loss of IDS function is associated with a systemic and progressive accumulation of heparan and dermatan sulfates in most tissues and organs (particularly liver, heart, spleen, bones, joints and in the severe forms, also the brain), ultimately leading to several abnormalities, including hepatosplenomegaly, skeletal deformities and valvular heart disease (15) . Heart failure is common in MPSII patients and significantly affects their life expectancy, being responsible in many cases to premature death (16, 17) .
In MPSII patients, GAGs accumulation progressively occurs in the ventricular chamber, aortic lumen and cardiac valves (particularly mitral and aortic ones), contributing to the cardiac impairment and leading to valvular stenosis (18, 19) . Thus, to allow for extended life expectancy, cardiac valve replacement is often required in severely affected patients (20) . Additionally, progressive left ventricular hypertrophy and interventricular septal thickening may further lead to impaired cardiac function (17) (18) (19) . Heart failure, characterizing most, if not all, Hunter patients, has been often ascribed to the abrogation of IDS enzymatic activity and consequent GAGs accumulation. However, GAGs have also a cryptic regulatory function for several morphogens, including Sonic Hedgehog (Shh), a key signaling factor during heart ontogenesis and cardiac cell regeneration (21, 22) .
In this work, we provide a proof of concept that cardiac abnormalities in fish and mouse models for MPSII are strongly related to impaired cell signaling activities, including a defective Shh pathway, before any overt GAGs accumulation is detectable. We also demonstrate that a defective heart electrophysiological activity, particularly a prolonged P-R interval, is detectable in IDS knockout mice before any evident massive GAGs storage. We, therefore, disclose a novel pathogenic paradigm, in which well-defined cell signaling alterations trigger early cardiac defects in MPSII.
Results

Loss of IDS function affects Shh signaling during zebrafish development
We previously documented well-defined developmental defects in a transient IDS-deficient zebrafish model obtained by using a translation initiation blocking morpholino (IDS atg MO) (23) . In the present work, to investigate for molecular pathways specifically affected by IDS deficiency in early development, we microinjected the IDS atg MO into one cell-stage embryos of cell signaling reporter transgenics (CSRs), expressing a fluorescent reporter gene (GFP or mCherry) under the control of responsive elements for different developmental signaling pathways (Wnt, Notch, Shh, BMP, TGFb) (24) . The ability of IDS atg MO to reduce Ids protein levels was confirmed by western blot analysis of multiple independent morphant and control fish lysates (Supplementary Material, Fig. S1 ).
Among different CSRs, a recently generated Shh reporter transgenic line (25) was clearly affected by Ids loss of function. A significant reduction of GFP expression was detected in whole-mounted 24 hours post fertilization (hpf) Tg(12xGli.HSV:GFP) ia11 fish microinjected with the IDS atg MO, while reporter activity was unaffected in age-matched larvae microinjected with a mismatch control morpholino (Fig. 1A, upper When more deeply evaluating Shh signaling misregulation, we observed reduced reporter expression at 28 hpf in the dorsocephalic regions of morphants heart, when compared with mismatch control fish. Down-regulation of the Shh pathway due to Ids depletion was further confirmed in other body areas, such as the neural tube and caudal regions (Fig. 1D , middle and bottom panels), as revealed by confocal microscopy analysis at high magnification.
Shh is required for primitive heart specification in zebrafish Zebrafish heart development starts from mesodermal-cells at 5 hpf and involves the timely and spatially-defined specification of myocardial and endocardial precursors (21, 26, 27) . All cardiac developmental steps are under the control of several morphogens, which trigger the differentiation of endocardial and myocardial precursors (28) (29) (30) . In particular, at 6-somite stage, fish cardiac progenitors express the hand2 gene (31, 32) , coding for a transcription factor upstream of the Shh pathway, and, accordingly, arterial and endothelial lineages are committed by a Shhdependent response. Therefore, although the underlying mechanism is not fully understood and cardiac cells require other stimuli, heart development is severely affected by Shh depletion (21) . To assess for a Shh-dependent role in heart development, we administered the Smoothened (Smo) antagonist, cyclopamine (Cya) (33) , to Tg(BRE-AAVmlp:EGFP) ia18 (24) embryos from 8 to 24 hpf (Fig. 2) . At 27 hpf, Cya treated-larvae displayed a primitive heart with a cone shape and defective contractility. Moreover, and in agreement with previous observations (34), angioblasts were reduced and the primitive outflow tract (OFT) was not developed yet (data not shown). Conversely, mocktreated (DMSO 0.1%) larvae displayed a heart with tubular shape and many circulating cells. After Cya withdrawal, all treated fish survived beyond 48 hpf, despite evident heart tube malformations. Therefore, Shh signaling activity is instrumental for the development of the cardiac tissue, and its abrogation for a short window of time during embryogenesis is sufficient to cause permanent heart malformations.
Shh signaling is affected in the heart of IDS knockout mice
To assess whether the dysregulation of the Shh pathway triggered by Ids loss of function in fish was also found in mammalian animal models, we investigated a previously described IDS knockout mouse model (35) . Dissected hearts from a total cohort of nine IDS knockout mice and nine wild-type siblings at postnatal stages P7 (N ¼ 6 for each condition) and P14 (N ¼ 3 for each condition) were subjected to transcriptional and proteomic analysis. qRT-PCR analysis for various targets of the Shh pathway revealed significantly lower Shh and Ptch1 mRNA levels in hearts of IDS knockout mice when compared with age-matched wild-type siblings (Fig. 3A) . We also measured transcript levels for genes related to myocardial differentiation and heart function (FoxM1, Ramp1 and Bmp4) and found significantly decreased mRNA levels for BMP4 and FoxM1 in heart samples from IDS knockout mice (Fig. 3A) .
To verify whether the decreased levels of Shh pathwayrelated transcripts were paralleled by reduced protein levels of the same genes, we carried out western blot analysis on protein extracts from dissected hearts of P14 mice. Despite individual knockout mice hearts displayed slight differences, we detected decreased levels of the Shh ligand and Shh transducer, Gli1, in IDS knockout mouse hearts, with respect to the corresponding wild-type control samples. (Fig. 3B) . Accordingly, immunofluorescence for Shh and Gli1 on paraffin-embedded hearts of P7 mice revealed a decrease of Shh and Gli-immunopositive cells in IDS knockout mice when compared with wild-type mice (Fig. 3C) .
Taken together, these data point at a defective activity of the Shh pathway in the heart of IDS knockout mice. Moreover, the finding that FoxM1 and BMP4 mRNA levels are decreased in IDS knockout hearts suggests that defective Shh pathway activity may be associated with impaired cardiomyocyte differentiation at postnatal stages.
Loss of IDS function affects heart ventricle development and trabeculation in both fish and mouse models Since BMP4 and FoxM1 mRNAs levels were decreased in heart lysates from IDS knockout mice (Fig. 3A ) and the Hedgehog activity was negatively affected by Ids depletion in zebrafish, we speculated that a primary defect of the cardiomyocyte differentiation program could be associated with abnormal heart chamber morphogenesis in IDS loss of function models. To verify this hypothesis, we first carried out confocal imaging on morphant and control fish larvae at different life stages using as readout the Tg(BRE-AAVmlp:EGFP) ia18 line. As shown in Fig. 4A and B, we found that Ids morphant larvae display an impaired cardiac morphogenesis and enlarged atrium when compared with agematched controls. A detailed confocal analysis of the ventricular chamber, using the Tg(UAS:JAG1) el108 line confirmed a marked defect in myocardial trabeculation, as well as a different outflow tract morphology, in Ids morphants ( Fig. 4C -E and Supplementary Material, Movie S1-S3). Notably, the impaired cardiac trabeculation in fish morphants persisted also at later life stages ( Fig. 4F and G). We next verified whether IDS knockout mice displayed similar defects in heart chamber morphogenesis. Towards this aim, we carried out serial sections of paraffin-embedded hearts from P60 IDS knockout mice and age-matched wild-type controls. Histological staining revealed reduced myocardial trabeculation in IDS knockout mice, which was reminiscent of the defect observed in morphant fish ( Fig. 4H-I ). Alcian blue staining of the same sections showed very limited GAG accumulation, suggesting that heart morphogenesis defects may be limitedly affected by GAG storage (Fig. 4J-M) . To further evaluate this aspect, we performed Alcian blue staining on paraffin-embedded hearts of P7 and P14 mice, a stage at which we started to detect Shhrelated molecular defects. Although we found Alcian blue positivity in the cardiac valve regions of both wild-type and IDS knockout mice in agreement with previous observations (36), we were unable to detect widespread GAGs accumulation in the heart of IDS knockout mice at this age (Supplementary Material, Fig. S3A -F'). The presence of clustered GAGs in the heart valves (both atrioventricular valve and outflow tract) under physiological conditions was also confirmed in wild-type fish at 10 days post fertilization (dpf) (Supplementary Material, Fig. S3G-H) .
These findings indicate that absent or reduced IDS function is responsible for impaired cardiac morphogenesis as a consequence of progressive deterioration in heart trabeculation, despite the presence of limitedly localized GAGs.
Cardiac trabeculation defects in Ids morphant fish are rescued by manipulation of the Shh pathway
Since Hedgehog signaling defects have been shown to be associated with decreased cmlc-expressing differentiated cardiomyocytes (37), we sought to verify whether the decreased Shh reporter activity in Ids morphants could be responsible for a defective cardiomyocytes specification. To this purpose, we first verified whether Shh reporter-expressing cardiac cells in Tg(12xGli.HSV:mCherry) ia10 /Tg(UAS:jag1) el108 fish mirror the cmlc-expressing cell population. As shown in Fig. 5A and Movie S3, we found that at both 3 dpf and 6 dpf cmlc-expressing cells are co-labeled by the Shh reporter transgene. We next evaluated whether by promoting the ectopic activation of the Shh pathway using the Smoothened agonist Purmorphamine (PuA) (38) we could recover the trabeculation defects in Ids morphants. Towards this aim, we provided morphant fish with a pulse of PuA in a restricted window of time, before cardiac chamber morphogenesis. As shown in Figure 5B , by PuA treatment we were able to partially rescue the ventricle trabeculation defect in morphants. Therefore, we could conclude that cardiomyocytes specification appears to be negatively affected by Ids loss of function and ectopic activation of the Shh pathway can partially prevent the onset of trabeculation defects in fish morphants.
Increased Wnt/b-catenin signaling in IDS morphant fish is associated with impaired atrioventricular canal differentiation Wnt/b-catenin is a pleiotropic pathway, which tightly interacts with the Shh pathway by a bidirectional feedback mechanism, leading to cellular proliferation and differentiation (39) . Impaired canonical Wnt signaling has been often associated with valvular defects in several cardiac disorders (40, 41) , suggesting that the fine tuning of this pathway is fundamental for heart valve development. To evaluate whether Ids loss of function, besides impairing the Shh pathway, was also affecting the canonical Wnt signaling, we carried out several experiments by testing the IDS atg MO on the previously generated zebrafish Wnt reporter line, Tg(7xTCFX.lasiam:mCherry) ia5 (42) . At 72 hpf, Wnt reporter activity evaluated by in situ hybridization was enhanced in the atrioventricular canal (AVC) and in the outflow tract of fish morphants when compared with age-matched controls ( Fig. 6A and B) . Confocal analysis using the alternative Wnt reporter line, Tg(7xTCFXla.siam:EGFP) ia4 , showed increased transgene expression in morphants at higher morpholino dose and only at 5 dpf, probably as a consequence of the long halflife of the reporter protein ( Fig. 6C-E) . The effects on the Wnt reporter transgene were no longer evident after 5 dpf, probably due to the restricted temporal activity of the morpholino (Fig. 6E) .
To evaluate whether the enhanced Wnt reporter activity due to the transient Ids morpholino action together with Shh pathway deregulation could be potentially involved in prolonged heart valve structural defects, we carried out whole mount confocal microscopy analysis in isolated hearts from 30 dpf Ids morphants and age-matched mismatch controls. As shown in Fig. 6F and G, while at this stage in mismatch control fish the cardiac AVC had four leaflets and a circular morphology, Ids morphants displayed a disorganization of the AVC.
Since the morphogenesis of the AVC in morphants can be influenced by mechanical forces and blood flow (43), we examined cardiac parameters, including the cardiac volume and shortening fraction. As shown in Figure 6H , we did not detect any evident functional abnormality. Moreover, live imaging and confocal analysis on double Tg(UAS:JAG1) el108 /Tg(gata1:DsRed) fish did not further show particular blood flow defects occurring in morphants when compared with age-matched controls (Supplementary Material, Movie S4). These findings reveal that Ids depletion leads to increased activity of the canonical Wnt pathway, which, in the absence of evident cardiac functional defects, could explain the aberrant morphogenesis of the AVC at late life stages.
Electrophysiological analysis of IDS knockout mice reveals an early-onset defective heart conductance
Based on the signaling dysregulation and heart morphogenesis defects triggered by IDS depletion in fish and mouse models, we speculated that the heart activity of IDS deficient animals could be affected during early life stages, when GAGs accumulation was still limited. Electrocardiogram (ECG) recordings were performed under isoflurane anesthesia in 1-month-old IDS knockout mice and wild-type control littermates. Among different cardiac parameters (P wave, QRS interval, PR interval and QT interval), we found that the PR interval was significantly prolonged in 1-month-old IDS knockout mice, when compared with age-matched wild-type mice (Fig. 7A ). Moreover, P wave duration was also different between wild-type and IDS knockout mice, although the difference was not barely statistically significant (P ¼ 0.0526). In particular, in two out of eight IDS knockout mice, we detected a marked prolonged PR, which resembled a characteristic atrioventricular block (Supplementary Material, Fig. S4 ). All values are summarized in Table 1 . To better characterize the PR interval lengthening, we analyzed timedependent variations of the following parameters: RR, PR, QRS and QT intervals. As expected, we found a slow, but progressive, anesthesia-dependent RR lengthening during the experiment, with no QRS or QT lengthening (44) . Conversely, PR contribution to RR duration increase seemed to be relevant, both in wild-type and in IDS knockout mice. We thus analyzed PR/QT ratio over the time in every experiment, and found a statistically significant increased average steepness of the fitting line in IDS knockout mice (wild-type: 0.00303 6 0.00015; IDS knockout: 0.00824 6 0.00012, P < 0.001) (Fig. 6B) . Moreover, two out of eight knockout mice showed a non-linear PR/QT increase over time (data not shown); interestingly, these animals were the ones which displayed the apparent atrioventricular block during the recording time. We then explored whether the heart performance defects were also displayed at later life stages, by repeating ECG recordings on the same cohorts after 1 month. Unlike 1-month-old, 2-month-old IDS knockout mice did not show any statistically significant difference when compared with agematched wild type control sibling for each ECG parameter. However, PR/QT overtime kinetics were still different between wild-type and IDS knockout mice, as the steepness of the PR/QT ratio kinetic was 0.00159 6 0.00019 for wild-type and 0.00706 6 0.00014 for IDS knockout mice (P < 0.001). These data indicate that IDS ablation leads to lengthened cardiac PRinterval during early postnatal life, when GAGs accumulation is still limited.
Discussion
Heart functional impairment is one of the most debilitating aspects of MPSII, which may contribute to the high morbidity and mortality of patients affected by mucopolysaccharidosis type II (17, 45) . Despite the improvement of systolic ventricular function, the progression of cardiac valve thickening and dysfunction does not appear to be prevented in patients subjected to enzyme replacement therapy (ERT), underlining the need of targeted complementary therapies. Previous studies have emphasized the detrimental role of GAGs accumulation in the onset of heart valve defects and cardiac abnormalities (16) . However, a clear pathogenetic mechanism linking the progressive GAGs accumulation to the onset of mitral valve regurgitation and heart failure is still missing. Moreover, the traditional concept that organs dysfunction in LSDs can be ascribed to substrate accumulation has been challenged by recent findings, supporting the scenario in which lysosomal impairment is tightly associated with defects of the autophagic machinery and extracellular matrix remodelling, which may drive LSD disease symptoms (46, 47) .
By using two different animal models for MPSII, we disclosed a novel pathogenic mechanism underlying heart functional impairment, which relies on a complex cascade of signaling defects occurring in different heart cell lineages, leading to defective cardiac tissue patterning and differentiation. We documented a decreased activity of the Shh pathway in both mouse and zebrafish MPSII models, which is consistent with a deficient endocardial and myocardial differentiation program, in agreement with previous observations (7, 30) . The identification of disrupted Shh signaling as a consequence of IDS loss of function during early life stages represents a novelty in the field of congenital heart defects associated with LSDs. Moreover, our findings support the well-known concept that GAGs play a key role in Shh modulation. Indeed, GAGs-dependent regulation of Shh transduction was clearly described by using in vitro and in vivo models (37) , and our data not only represent a further in vivo evidence of this close functional association, but they are also the first demonstration of the role of this axis in in the cardiac pathogenesis of GAGs-related LSDs (Mucopolysaccharidoses and Mucolipidoses).
Together with a defective Shh pathway, we detected a significantly overactive Wnt/b-catenin signaling in the heart valves of Ids knockdown fish during early larval stages, which was associated with progressive loss of myocardial trabeculation and enlarged atrium development. On the other hand, when assessing cardiac functional parameters, including the shortening fraction, no evident abnormalities were distinguishable in fish morphants. Considering that the mechanosensitive endocardial signalling (i.e. Klf2) may indirectly affect the Wnt signalling and cardiac valve development (43) we do not rule out that it may affect cardiac valves during late life stages. However, since the increase in Wnt/b-catenin signalling was observed in morphants during the first days of cardiac development, when we did not detect functional abnormalities, we speculate that the effect may be due to the transient morpholino-mediated Ids loss of function, rather than a disrupted mechanosensitive pathway.
In IDS knockout mice at postnatal stages, we detected the same trabeculation defect together with FoxM1 and BMP4 down-regulation and defective heart electrophysiology, i.e. prolonged P-R interval. Interestingly, canonical Wnt signaling was shown to be required for the proper AVC patterning and cardiac electrical programming (40) . Given that in the transient morpholino-based loss of function fish model an overtly altered heart valve patterning is detected at later life stages, it is conceivable that the early postnatal window of time required for the Wnt pathway-mediated AVC maturation is critical to the proper leaflet formation and heart valve function. Moreover, patients affected by the Ebstein anomaly, a congenital heart disease, occurring in infants of pregnant women under treatment with LiCl (a known Wnt pathway agonist), are at high risk of developing a prolonged P-R interval and AV block, a key ECG anomaly that we detected in IDS knockout mice at postnatal stages (48) . We cannot explain why the prolonged PR interval was seen just at 1 month, while at two months it became not significantly different between IDS KO mice and age-matched wild-type siblings. We speculate that in the early stages of cardiac pathophysiology compensatory mechanisms may be triggered to reduce the burden of cardiac dysfunction. Nevertheless, in both IDS KO mice and human patients irreversible cardiac function worsening occurs at late life stages. Taken together, although our data cannot imply that Shh and Wnt signaling defects are the only primary pathogenic mechanism of congenital heart disease in MPSII patients, the localized GAGs storage in heart valves during physiological conditions together with minimal or limitedly detectable GAGs accumulation in heart myocardium of IDS knockout mice at postnatal stages support the view that lysosomal and extracellular GAGs accumulation leading to valvular stenosis and histiocyte infiltration might not be considered the only primary pathomechanism.
In contrast to other LSDs, in which the phenotypic abnormalities are less severe and limited to few organs in affected patients (e.g. MPSIII/Sanfilippo syndrome) (49) , the single enzymatic deficit in MPSII is associated with a broad spectrum of organ defects, resulting in a complex phenotype, which can range from attenuated to severe. This may emphasize a key role for the IDS protein, not only as a catabolizing enzyme but also as a key signaling hub with a subtle tuning activity towards relevant cell processes (i.e. differentiation).
Our work provides also support to the view that early diagnosis in Hunter patients is relevant, theoretically allowing patients to gain access to the treatment as early as possible, thus potentially slowing down the disease progression and the occurrence of precocious and irreversible signs and symptoms. It remains to be verified whether patients would completely benefit from an ERT started immediately after birth, concerning their heart pathology. Nonetheless, in agreement with a recent overview (50) and, given the complex nature of LSDs, it is plausible to take into account the application of combined therapies, in addition to ERT. In this context, the identification of cell signaling alterations upstream of the substrate storage defect, as demonstrated in this work, may pave the way for the development of additional novel targeted therapies. carries an EGFP reporter transgene under the control of BMP responsive elements (24) . Tg(UAS:JAG1) el108 express a cmlc2:EGFP transgene in the heart (51). IDS knock-out mice and wild type were expanded in animal facility and housed in light and temperature controlled conditions, with food and water provided ad libitum. Murine IDS knock out have been previously described (35) . All animal manipulation procedures were conducted according to the Local Ethical Committee at the University of Padua and National Agency (Italian Ministry of Health).
Materials and Methods
Zebrafish lines and mice
Morpholino injection and validation
IDS functional knockdown was obtained using the previously described morpholino (23) . In rescue experiments, MO-injected embryos were randomly separated and injected with 10 nl of a solution containing the morpholino plus 17 ng/ll of the purified mRNA for human IDS.
Cyclopamine and purmorphamine treatment
Cyclopamine hydrate (Calbiochem, Merck, Milan, Italy) was dissolved in DMSO and partially dechorionated embryos were incubated with a 30 lM Cya, beginning at 8 hpf. Cyclopamine treatment was stopped at 24 hpf by replacing with fresh medium. After five washes, embryos were then mounted and analyzed by fluorescence microscopy.
For rescue experiments fish were treated with Purmorphamine (Sigma, Italy) from 10 hpf to 18 hpf at 5 lM concentration. After several washes with fresh medium fish were raised up to 5 dpf and evaluated under confocal microscopy.
GAGs staining in whole mount zebrafish and mouse heart Embryos were fixed in 4% buffered p-formaldehyde in PBS o/n and washed for 15 min for three times in Alcian blue buffer (ABB) (50 mM glycine, 3% acetic acid, pH 2.5). Deparaffinized slides from mouse samples and whole-mount hearts were stained with a 1% Alcian blue solution in ABB for 30 min, and then washed in ABB for 30 min. Stained samples were mounted and photographed with a LeicaM165FC. Counterstaining was performed with eosin or Nuclear Fast red (Sigma, Milan, Italy).
Immunostaining
Immunlabeling was performed according to standard procedures. Briefly, deparaffinized heart slides were washed several times with PBT (PBS, 0.01% Tween) and blocked with 3% goat serum (Thermofisher, Milan, Italy) and 0.03% TritonX100 for 2 h. Incubation with primary antibodies was done overnight at 4 C, and after several washes immunostaining was achieved with fluorescently-tag secondary antibodies. Primary antibodies against Gli1 (#2534; Cell Signaling Biotechnology, Danvers, USA), Shh (SC9024; Santa Cruz Biotechnology, Dallas, USA), H3 histone (AB1791; Abcam, Cambridge, UK) were used at 1:100 dilution. TRITC and and FITC-conjugated secondary antibodies (Thermofisher, Milan, Italy) were incubated at 1:500 dilution. Counterstaining was performed with 5 mM Sytox-green (Thermofisher, Milan, Italy) at 1:10000 dilution.
Microscopy and image acquisition
Zebrafish embryos expressing fluorescent proteins were analyzed using a Leica M165FC epifluorescent microscope. All pictures were acquired with a Nikon DS-F12 digital camera. Confocal zebrafish images were acquired with a Nikon C2 H600L confocal microscope, while mouse slices were acquired with Leica DMR compound/Nomarski microscope. All images were acquired with the same exposure parameters and processed in silico with Gimp1 and Adobe Photoshop. For cardiac morphology and shortening fraction measurements, fish at 5 dpf were analyzed under confocal microscopy and images processed by ImageJ software (https://imagej.nih.gov/ij/).
All parameters have been assessed according to the protocol described by Hoage and colleagues (52).
Real time PCR
All murine hearts were homogeneized by glass dounce in Trizol reagent (Thermofisher, Milan, Italy) and total RNA was isolated according to the manufacturer's protocol. RNAs were resuspended in 80 ll of RNAse free water and then quantified by Nanodrop 1000 spectrofotometer. A total of 5 lg of total RNAs was reverse-transcribed by SuperScriptIII kit (Thermofisher, Milan, Italy). Purified cDNAs were subjected to quantitative realtime PCR using Rotorgene 3000 instrument and Syber green (Thermofisher, Milan, Italy). Primers are listed in Supplementary Material, Table 1 . Cts were extrapolated by data transformation using real-time plots, Cts of a-SMA were used as cDNAs quantitative standard. Relative gene expression among samples was normalized using the comparative ct method. Three biological replicates were used for each condition, while six experimental replicates were performed for each biological sample. Differennt housekeeping genes were used for data standardization (a-SMA) and as internal controls (RPS16, b2m).
Western blot
Fish larvae and murine heart protein lysates were prepared using a lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.02% NP-40) supplemented with protease inhibitor (Roche Diagnostics, Mannheim, Germany) and Phosphatase Inhibitor 
ECG analysis
ECG was performed under inhalation anesthesia conditions, and each mouse was anesthetized by a mixture of isofluorane and oxygen delivered by inhalation with a mask. Once anesthesia induction was assessed by observation of the pawwithdrawal reflex suppression, two small needles were inserted subcutaneously in the mouse anterior paws (explorative electrodes) and one in the posterior left one (reference electrode). ECG signals using the explorative electrodes were detected by a PowerLab 8/35 (ADInstruments), and acquired by LabChart 7 Pro software (ADInstruments) at a frequency of 10 kHz, with no filters. ECG was performed for 5 min to increase the chance of detecting functional abnormalities, while heartbeat was maintained at a physiologic rate. Recordings were analyzed with LabChart 7 Pro software (ADInstruments): single heartbeats were detected every 20 heartbeats and averaged to minimize eventual artifacts and noise, and every average was processed semi-automatically to identify single ECG waves. The following parameters were considered: P wave and QRS complex duration, intervals between P wave and QRS complex establishment (PR interval) and between Q wave and T wave (QT interval). To perform the normalization, we measured also the RR interval, as it underlies the instantaneous heartbeat frequency. QT interval was corrected for the heartbeat frequency, by means of the Bazett's formula (QTc ¼ QT/(RR) 1/2 ), leading to a corrected QT interval (QTc). All parameters are expressed as mean and SD; statistical difference was tested by means of Kruskal-Wallis' analysis of variance. Overtime kinetics of RR, PR, QRS, and QT intervals were analyzed, together with the PR/ QT ratio. PR/QT overtime kinetics were averaged and linearly fitted for both cohorts; the resultant linear fittings were compared between the two cohorts and tested for statistical significance with Fisher's test.
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